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Abstract: Simultancous application of mechanical pressure and electrical charge on powder samples in spark plasma
sintering process, has resulted in a sample with a density close to the theory. In the present study, a thermal-electrical-mechanical
coupled finite element model of spark plasma sintering system using multi-objective optimization algorithm is proposed to
optimize the mold variable. The simulation performed for Si3N4-SiO: (1:1 mol) specimen has good agreement with the
experimental results. Multi-objective genetic algorithms was used for optimization of mold design in order to maximize the
temperature of sample core and minimize the mises stress in the mold. The results show that the optimized dimensions cause 8%
increase in sample temperature and about 18% decrease in temperature difference between mold surface and sample core. This

leads to better uniformity in the porosity distribution of final sample.

Keywords: Spark plasma sintering, Finite element method, Optimization, Multi-objective genetic algorithm

ol Sala dc
Sl oles Caslie RiD
S ol S gl R¢!

ck.wdbj)\;j

=33

oL S
S A Ol E
N s Oe

SN Jely U

N—,

O/FV e ¥xY o™ -asdd o Olasal ol o = \%
)L:JJ‘ “—"i_}"p SI‘ z 5 S
&.S!b_d"l} Q)\J} Jul QCOHV ‘-;&? p
ciaii ol Jisl g, oskS G
soled SOl S g L> T
ol colia Aol hg ol Culda oo K
S gl sl Og Ol t
SO o s 55 3 5m D e s andes —)

Al sl S el e 55K Fege S1 OML J L)
=L 0L Jlasl sl 3 ol s [Y 5] ol ods S5 SPS
53 bl D 535 o B a3 LBl bl 2ol
5 s o G el 5 S B Slles
s slabkd ks Ll 5 5 0ley gabde LU sl
=01 555 0 SPS s, 4 ol

oals QL) S 55 Sl ,sba SPS Ll b 51 e
53 Bl e SSOL b (SOl HLis Ol .ol 0l
i gay Al e il ol e o b bl s sk
LS5 edS J S SO ahesa L5 e SN OL
LY] 552 el 2ol glos 53 Al B U 558 J s

PP e e P PRSP 15 KU 1LY e & g L

A0 5l oF Solad FO Jlu ¢ wikige )3 b iy 35

et Jed Sl e S (A B sene sla B 0
YL lales 5 ladbey s Ladils s, [s 4 esle jltlogs
sodd s Slalad s s Ao 000 VL (&
Sldes Vb 0lsj ladl Hltlop 0350 Ker
5w 035 Vb 5 Co s O350 oS A 3 5 A
o=l sl esleal 55 Cosgdme Eol a8 35l sy olakad
DTl o sy,
o & ls 53 (SPS) (gl o (slaudy 5 i
S OL o 5l ol s oS cd ol sy gl ol
B 5 Oll g ) gon L 5 (S 1 Ol Jlesl)
i Ol sl 355 ety sl 355 0 4 S SS
53 5 5L Jlasl L Oloen YU 5l el 5 83 L ol


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

3 A esliul CFD-ACE+(s | 5-5lp 15 4ty 5l Sl
5 ik slge gl B s Les 5y 8 s sl tasy
[ 507 il sdd amulowe OF 1 Cilises gl pine 56
L 3D Yoo Jlw s [V] (RLLSen 5 Sl i ot
Lo 8 aSBun |0 S 5 55dmme sl gla bs, 5 eslinad
Sl B e olwand (SOl HLES 5 an S
Jioe S L (3ladie sl plol (55 s 55 03,51 ooy
adad SO [A] SLSes 5 Jails U s e oS 5
e oS s ety ey (Sl gl b Sl
5> 851 G ae Ole il Rl Loy (5 S 31l 35 O
23 e gla e 51 S Gl lendly S )
3 S5-I Jals ) sl ol 0t s Shes
S Vo]l b Ol oyl B s Oledily il 5l
ke slagz ;5 S 5l esliad L 0l Kiagy ot sladle
5l Y e L B o Lo 55 U sl
DNV 355 655 e

e wolakas cil gl alio o3le 53 Si05 5 SisNy
b €35 S5 pl Kt bl Sl gl o
ol Pl al (15l slaysT oy s eslizad (s
o=l slacys sdewe 31 SisNs VL S STl (65 <ol 5 Si0s
Sl e sl sls aiS slas S (gl esle s
93 lacys sdowe Wl 55 e SisNu-Si02 s j 5lS 0l -
Y] iy 55 b G5 S 5

sladle 3 ool glaiass 5580 odid &S 5 sbOles
FS e adsad 5 B s Les a3 8 e S
B s osly ples oot YT L tasn cl 3 Kol
5 eSSl Glla s csls e 4 ccalisee gladisad
Ol e sy ol 5B e sdaline LIB o3Il 5 IS
BERE N T A P g SR R P JERCH W
Osorp 2la piie J 28 (148 o ledly (o pr & Al
e cilisie bl les O] kel S e gles STus

g.»_“.;ch.w)‘ J:.A_}ﬂ. .la.sz IS djzfe)‘.b\ dlﬁ.} &J)M?—‘_g

AR

®62mm g//// /AA

15mm

7

// ] 5 0 08— 09,250
040mm V7 /// SisNy-Si02 — igas
L

?20mm // e S-oasS e il
7.7

50mm

@50mm

‘ ¢100mm

F 1

Slowdy (BB s b ) S
Smans B s1a5,

B Gl gles alad )b gles J xS 4 5L e
3l 3,515 51,3 0T 0553 (b s Jb= )3 4 gas oS
3y dal OS2 3L 3550 5 Sos 0 50l Aul
Glwiing Gl Ll e oleand ol OF 5 osdle [F-A]
Sl b S Al b (S5l 50 4B S JSa Ayl b
Sy gy islS aas K s il bl s Les 03,51 cewsa
Db ol 6l Y] O 5 S suile .l a8 S )13 ax
P S sl w8 Coeal a5 L 63N Yoo Jlu o
Aol p gilmand an pll (o J RS e 5 Al
B R o, B s gl gl LS
ooy LWy s Les s S s ol Slalas pl L5 0
J=B (5508 Ol 5 @b (S s Sl B S Sl
M Yoo Jluw 3 [¥] [hlSKen 5 o seab ool (pasis
eLoil sline LS Ul baske 53 51 6 K @5ladute
L oo 5 Sl 53 0L 5 sl 5 sl

A0 50k O &l ¥ lo ukige > 4 iy 3l 40


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

L 0l e 1o T i O I odis il T byl 5 45
i g ¥ el Q)_}ﬁa@frﬂ OB 5l eslazal
?zcegz—cev ™)
U 3 oSS0 AU s 0 5 550 S E 5
S B o Sl s sl S S0 it
Wl o LSS Ol gy 4 Sy me ¥ oddal

Vi(-6,VU) =0 )

Sl Ly, -Y-Y

Lsd o o 55 S35 Sl dlaly dhwsay SOl gladnl B

gl ¥oaaly BBV J S e gl IS 0 &S
00

e —dv= [V(kve)dv + [q.dv
\% \% \%
+ (@4 + deony + dr + dec)dS ()

S

S deﬂd?w}@oﬁsjmdjzsr.?&v«b.\)w\ﬁ
Sl b e Ko Ty b S Gy (S p
sl s el o G s e 0L Ol
ﬁ)g;_.ﬂuuuﬁimcuﬁw\,ww
e S 53 aS coul Sl mbe a bge Sos des
3,05 =S ez S50 s G b Sl s 5 S
IV] L5 e

Sl (sl Gl & Al B (g 5led e s
e onl b ol 55 Lo S Olag 28 am 53 03 5
el IS8 e 3 55 gl S A5 5 edianOlis

)1J_5Jj_;;§v_>,‘>cjja_.”>45d>@¢)lj>6u)u
Colls d Sa &S diea Qee 9 Ar <Geonv Ge Jold Ll
5 iads Sl Jasl ol ool > sl Sl
B N Y P v P RGIp FE
Lo ds sdalin V JSCs 55 a8 glad > sladly K s
035 35dmn b sl pde 5 Ayl b plnil S lases 4 x5
3 cony e 5l dama bl 5 plralr ol > JUE)

Sed e O eyl )5 ]

W0 5ol O 6l 0 Jlo ( pnlige 3 b piny 3l 50

G35 A Sl S g dsed ol (A3l sles
Cmdis 50 Kad (G140 g0 Il el oS5 g0l 53 bes
DS s B oSz 53 Al 3 J 28 3 b 51 A
sl (5, S o3l glas 4S5 8 o0 oy po (Glats aidl>
el b sbes I8 slome (1318 B e Sl ey e
S S S €500 55 0 slos Lles (pl a2 55 dal
IS i 53 8 e stls B Sl ol il il
Sk S ShS 5 (Sl 3 Shas 5o dalt ls, 5
3L Al

5 bbbt b ol sdd s rags cal 5 b reae
Sl 5l oSS s el Jte K 41|
e e 9 2 g e RS 5 Les Db w8 ol
225501 31 el b LB sl o2 s el Juke ) SaS
3450l 55 e gles O350l S gl Tada dim S
LS 2 e B 5o s 058 2T 055 Bl
53 g les Bl Sl Gy s ol S ol
U8 35 Sl p g o 5 ool 0l oslial g 5
Slemdly b i ofSis 53 hr i (Sl Ll
258 13 eslinal 3550 (lS

(11 mol) 25506l S S 5 eslisul 5550 (5535 4 gl
050 SaS i S 5 esls pl ol g ool Si3NG-SIO;
w8 8a ilaand 5o 5 gl ey pelS s bt

W

oS iy, -

Sl 3,530 sl —V Y

Sl lakd s S sSI ol s auS oS sboles
S S bl Ol 4 axasls OF Sliis 45 S 0 A 5
i Aol b b s s S SUl g5ludie cla o
4S 55 gn S ams TOL sl 050 5 gl sledly
el Vel Oy s
)

=

Il
[«

Y


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

G b 5 LaesSTis 5 Lagily oG g o il

W&)‘;"Ju~w°d’¢”’°}‘|) J)}djj‘ccwa.wa
2:_3,;2:;;0;5.:...4}3\\ abal d’&"ﬁ“’faj rl.w;.-\)'\ ol

: ¢ 4 4
q; =—kVT -1 = OBér (T _Twall) AY)

SLEE oy £y M oy g — Ozl okt O alasly ol 3 oS
el s oyl gy3 (slos T 5 olala3
A OL o Gab S5 ol aaly 5s (550 e
Sye Lo Srs (Satls 505 b Sl 5353 el
adaily 53 (5 e adaz o5 e LS bl sl Lo &

Ol W 3 VYl S oty U35 A Gk 3l 83 ol

PySs
T T Y| N
qQe=J-E=|J||E|=JE ()
Qe = J.(;le dv = Ge "VU"2 v
\%

d._.:d.”_.w.:b 4._4}&.: Jl.iujfje.l_.; .,\__ASJS Q‘)‘J} Q‘j:,a
S Jeily Ol S e 5 (S b

G|

S gy Y

Ll g5lwand V=Y

AS ol ok il s S s Il 0 3 (3l
e 505 e Pl Jm s 0 gime i) 555 Sloe
S Lol 5o (i aw Jue SO ezl 5 5
ol AT s W5 s eslinal 5 50 Sl g
S Oljen S sons o5 ol Vi (555 ) Al S dies
Joe 1y ol = S Sl SlSe sla ize s Lol 5
— S S = (Sl sl Olesen Jlasl ol 63 503 Jlos!
J= sl b ﬁt_fﬁﬁu,\iudg sl | Ol el Sl ~
Cbs Sl > 50kl Gl 4 S sle e calies

Jeeily M (land opl 3 5l e, n 6 S sl

Yy

il et sl oled e s WSS oy 5 L
55 Ll sl GLBl Lales s 53 il LSk 5 Lo
Coeslie 31 GWs 5 les (S sl (glwand sl ass ol
5 oSS O Ll s el i S S
il 5 Do sk Joee 53 S5l

de =h, (T, - T;) ©®)

JZGg(Ul—Uz) (?)
w\véﬁ\}é)lf@lu ng_ﬁjjjd.o()'g}hgds

Aledd osls Cod pwlad s 3 a4 ¥ 5 ) gla ol

Viadal, 3R 5 R 5ol aled e slie

Dy g S
th_ 1
¢ SAGg (V)
el 1
= A
c Sahy %)

5oy ede il s e SISy bl 3 oS
Sle S oS ol a5 ol Ol (S ity
S g2l pl Jale (S0l caslie LWses et A5 I3
il e s 53 Js5 sl S Sl 4 adasl,y .o

dee =J(Uy ~Uy) =0, (U; - U, )’ @)
ol ey sha b oS 55 S sl 5 VL sk b 0l o
ol Ly s Waals s ool JUEH Ll eled
s Ol Sl eSS s o (a5 glos Tyvater
Vooalaly ool o)Ll Sl > culia 5L .c,w«lr.:m:,w)'l
2y Ol

N
= kVT-n =hgy,, (T _Twater) ()

qCOIlV

Jl_:!:;‘ %J—'ﬁhconv_ﬁcl‘—"‘dl—‘j)bﬁﬁ b—w‘).)ds
C}G_JLSLAJTjW\eMu;Jk:JJQUASQ)‘J}

A0 50k O &l ¥ lo ukige > 4 iy 3l 40


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

a.ﬁu."_m‘ J:“ib)‘ J)‘)b 6‘J_J CE_.A CM'L'J' JJ.J ‘L]:"A)ﬁ U'-)-l DL
el 0

Laesls 51 dslal Comar S Jsome S5 V:“«))i” 33
Laol Sls =5 5 i sl glad s (sl 45 5e0)
So s dile o BL Lassls oty e 555 0 oL
5ot gl Sles S5 L egde 5 Ll Sonex
(’L’“‘b’\‘jﬁ Cwzas Lo S 31 (glidr atas 4845.?
wﬂ%d&}ab&.ﬂ%@w@&bﬂ@)ﬁ@j
A el | S ol

g ol S s L abadr 55 02 S0 s
e S Ll 03,5 ag gl 03 SO0 el s Sl e

Ol on | iy S5 ) S (gl s Ly,
Cb‘JCJJZJﬁj Cope &
b joite end 5 4l oo oo 31l G bl ) o8
Gl s Ml Comexr b 5l Comer S 5 Y (‘K

odd S 5 Conexr

Sk e Sloisn ¥ el
Gluoads @l Gb p Saeld palis 4l ¥ o8

Ale o s Mo gileane dsile S5l sleane sln
JbuMw&ud‘ﬁMeém|@6jjw1
Yo ol ;b L slasl gl B 5l esla il e oo Yo
B e 5 T slaggl b ki 8 L6 L6
o3ls QLESY S5 s (il (93505 e paie L oS
4_“..3_5‘ J_LJLS.A <C,M|W<Ji& )JASAJ;QLQ.A ol 0l
vzla_.ﬂc.ﬂb Jde .l sl asls DL Y IS s (sleang
A a s (3959 gl ite 6l s B s o3 gl es

A 5 a8 sl bl (gilhang dol p Sledbl

W0 5ol O 6l 0 Jlo ( pnlige 3 b piny 3l 50

$2505 Olymean Lasy il G 53 50 (SOLS S
s JELLK Ve 5 Cs Y G a0 oS Lpd e bl
(S il 5 i ey a8 el ol 4 S
Sibmag Slaal 4 a5 L oS Lnen o 2 Gla e
o3l (Slwaiag 03 S Jolse Olpoar S5 5 bes m5 5
534S Gl sledl e e 3l oles el ol
DL Y S 55 ol a3 S 13 eslizad 3550 iash ol
3550 (S35 odbe e 4y ats (4 gas tLi?)\ sl ol o3ls
gLl b las gas sy ol 03l e sl
b L (ol b bl AS a5 S s e e Y
Jedoan 5 cdb Wl o Gl S ol a1
5 s ol JUasl 5l A adaiss 55 (glon 4l
Lass S amls 5 (VL s 53 03 JBIG o ol
A5 b ol Bl a3 VY (gles 3 5 ST s Jas
G = G B Sl d Al B s A e il
L eslinal OLIIVFYes 5o S PVFYA (Glamlds

S35 S S S s 5 (S ety i S
5 =~ ‘_gLAQ,_iUO:_“_;,\i.x_,bd{L‘..{\)d\ﬁ sl
S Lacali ol & Jbe s als s Les b S S
Lol 5 )l Sy sty & 25 Sl et 51, L
JECEU R R JTHFTCIE Y TN JRCCII BTV S0 P [ S
Sy olest i 0o Syl 5 S S sl e
0355 35 5 b a8 b o3 led b iie &y poty 4, S
Aalr 5 4 S 1S ey S 3 Do 45 B
A4S b s s S0les

B dua k> g5lwang -Y-Y
Glakie gl = Sladly (B B Al 3 sl B b
e 5 s 35S e 3 S gles g dal e ddader
ol 3 Il 3y Gl (sl e B s Slus i
Bhn sl 5 olad Olej ot 035wl L S )l 5
el S L5l el S s il ol oS oK

¥


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

40

2
P3

Section view A-A

B 51 ales s b sla e -Y K3

g Ulyea o Lagaly Sl Glas sazme b b L (g5luaig
el e a5 Lo el gia) sd e el S0l
p Sl L it i 08 pKs 4 el (3l S
iy sy 5oL A du'cwlg Slad s Ol (58
ol 4 S b 3 adsl Camer sl plp las ol (el
bl o) 5o 8 0 bl 48 sezee opl 5l

D) M‘PV Jad= 53 el &1 C‘”l‘

Silweslal oy, 5 adyl 3l ge YY"
SANO o s 15) SisNg (s e 5L 535y 5l it ol 3
Vo—Yeo (L44/0 o) SiOy 4 (Sigma-Aldrich ¢ e il 0o
by lsee s eslanad 4l 35 Ol s 4 (Sigma-Aldrich « e U
Sl YE e 4 J U1 5o gl Joo i L0
oy sy se S 5 e A sl o el a s
A S 1 s ol 8 Sl a5 VY e glas ps el Y ke
s s L B g3 et eslal (653 5y g
5 I Vo ol it Coo 5 A s, e Je Yo
D5 a5 ledl i o ¥ sl 5W
o Aee sl 5l ey 2318 B il s Lo 23 S
oolie 5 6, Sesll ey o (5 ,S 031 63 dmee) 5l S il
G4 oDy i Aol b s e Oley el 5 O
A el ol g 5 (Jseme sl L LB 55 o

Yo

oy

[ Gl Lo 5 Danzma I3z Jow (g3l o ]

v

~ —

[ bl =hb
v
&by plaw Joe 152! ]
v .
3
=
5
§

[V#] olwagy sloddiy, -¥ IS

05 e S eslanal 5 g0 KI5 (.:wjfj\ Slasile pizes
C""""“’“Wﬂj}; Q’l\)': el 0 ebj_ﬂ\‘_}\ J}J>—
e 5 B 0503 A 0AS S ) sleay B sl oS

Oldas 5o Wb ag assad 55 0 gl old i

A0 50k O &l ¥ lo ukige > 4 iy 3l 40


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

B g (b 5o Bia 5 2959 b prie —) o

(mm) YL J> (mm) ol d> skl e ol
0o Yo P2 B oyl s \
$2359 Sl s
Yo \0 P3 L il i \
Golotrd 53 dilons P4 S sl ¥
I Gl R
Slwaned 3 apuls P6 € S o sles ¥
dda L S35 ‘.:w_,ist Slasein Y Jyd>
blv\&: )}:Sl.é
Voo <C~:M.>-)4.»J)‘6\JJMJL,\:J
Voo (OI53,8) 1,55 55 & ged sldas
Ve S A 55 sl
o dd aup sla it Y g
(mm) Lo (mm) gl (pa) LB s o sl (°C) © 50338 1o glas
P2 P3 P4 P6
Y¥/44 Yo/o) VoYX Y/YAY \Yo0/4

Cou g i ¥

Lyl gilwans V-

1 (o g Az ) B o e ol s (F) S
el (S eIl b s s e Y et 5L ol -
ol 45 sboles s o QLIS Ol e (5luacd
O3l 3l Jmol (o 33 oy (o33 il 553 e
oo Slmand bl as 4 3)ls s gileand

a8 ledng Glp s el amlasl 4 S
AL sHluag -Y-F

Sl it Sl 51 S A g 2 gl e Po 5 Py e s

P1 ace Llas S50 3 R LAQIﬁP3 3P2 g3,

A0 5l OF ol O Jlu ¢ wkige )3 4 i 350

Jolss w5 5 Sl sy B b b Ol s
e JeoS s S sKs Son b5 dad e

A& ey ,» MIRA 3 TESCAN

S L aalis 5 odd e B L (g5luas Y-
AT

350 S3lwand Gl (g ilwtings Aul 3 53 edd g sl

Jlasl (glwand 55 ange sbol ke opl gl p b 815 eslizl

Al S aabe bos i res 5 Oloebl o o (15

5 el cmal el VY s s ail diles (g3laad

Peme B 53 b i el e i L of b

Al


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

juq-JBJké.g;..AJLKJSMj}A})SJ»LgLnJui.zﬁtl.é:)\
Jewo 3 Y4 5 2 %_;j@uﬁjjfduséj)ﬂcw)\
W ja Slae 25 Gy s (Gl ols 5.5 oo 3)
C@@a_.ﬂﬂ:g:d@\ub@.%\ﬁ;\m,:wj
Ol o Ol womes 5 035l 3 (S5 paitens jsbas LIU
el e il Sl sl el ile oS LG l spe
S o Glaine p ol RS i b eae
.Q«\CUJ)\J:.:AS}\JS&:?

03505 S 5 B s 15 05 S Pl (ol G
JJH&_::;J‘V.:U}_Q\QL&@.Q._«\@}Q)SJAL;uJ
ai o Ve 5l .l Y Jgdr s 4 3550 0l )5 eslina
FUSs s Gilae cbiads SIS ("‘"))Q‘J”‘”\'Jf
el ezt B gl T s g pslie

ol dngy Jbo (5 5luans Y-
Sled 05 5mas iy e B slal 5 i Ol 1 SO
P sled Sl A IS 55 el Wl S e s Al b
sl gl B b s el a5 adsl LB 5o (gl 4 pel
05 el 35 0 sled 355 e edaline oS bOles (il sl
Sl e DG D 4 s L oS aylp slesl
53 VY0 g B gl 5 VOO Ayl B
L Les (gdo )3 MY 35 Ol pns e ol 'Q‘*”"’deﬁb
sl Al s wged S e )3

S e s T 5Ly el g LB s Ly CiSlst
(4 ) el adh B Sl 508 ol Sl 4 O
wodo bod ol il Sl a8 &sad 5 Ly O alS
o & gas CohS 53 3 gy o g0 a0l dslos 4S5
S8 s el sl s S e sl | (5 5 e SKen
adsl CB L as e s Les Ol Gl Sl 4 O
390 OLaj ay Doy 31 g 5 Sl a1 (6 508 e
b s S e S 5 ey S o 5B YYO
B 4 gl 5 Les Dl (4 J&&) Seh o gi:;f )U-.’L;

v

1200

1000

800

(1 5 Sl 4 53) Les

e

0 50 100 150 200 250 300 350
(456) Ol

SisN4-Si02 & goi iabe3l sl s avlio —F |3

Sl bty B il (Bl Joily S
ROUW PRI PTI P SO G PR g KT LT L3
oo am L s S350 iie 33 S )
ol s 5 BB G a slaE 3 il Dlmis

e bl s il el [asie 0SS s &S sboles
PR ASS e i 5 sl S e Sled (2505 Sl At o
Sl LB gl o ands S oas 0L amis 3l
SN Olse 55 oslis (B s ks b ks ol s
S5 SlasS Olen 53 S e 5 @535 Guib SIS
el OF 0553 0L S s w4 55 L IG o

B S 2 B sl U sl e P IS
mal Ll gl Ciline Slg 3 48 das e OLES |
Sy ol sl S w0 anly 15 Dl s Ol e
s

S s S § AL alles Tl o
A Slapl ol il e (2555 Sl e
2% e Sl Sl SO L e 51 S e 8 4 e
el 85,58 b

2348 S Sy (6 ite Sba o 5l aSY S L ollas
AN TS5 e Sl 5 3 Bua (g3luangy Lo
S S B o s g, e sl oS b Oles (ol

A0 50k O &l ¥ Jlo kige 3 4 iy 3140


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29]

-
N
1

115 =

15

P6 - Temperature of the sample center (,10% [C]

Q3. 25

%,
’%l‘ 30'

“
35 50

P6 - Temperature of the sample center

(x 103)

30

S0 35 o 53 S35 2 52503 S e U by domioo (K9 N wnd 53 (S55) -0 UK

0.5 7

15

[d] (0T*) 2IP Y3 Ul SSAS WNWIXEW - bd

.
20
’
R, 25
L
¢ 30

“
35 50

<
a5 <Y

P4 - Maximum stress in the die

(x 103)

.

35

. 6‘
40 ‘(\""
o

Goad B 5S> 55 695 p 859,9 G e L3b ol amie (S5 a5 N -F S

3 Joelss ol S edd 5 e s 5 anidS (sla Jels
Al el aigy B 5 Loy G Al sl o sams
sles Ol s 3 eedys Vo IS5 55 a8 5k Oles S
a5l B 53 oy Skl Jowe) B a5 4500 55 0
3,8 sl amys Voo st an a b Yoo c2dS 31
53 0l ag B sl el &S S s il e il
sl Sl s j ol Bl S Sl amn Ve s

IWA0 5ol F aled O Jlu ¢ pwtige 53 4t iy 5150

Ll 08 0w
g 53 Sl 4 ged S e s fesm O e gles
Vo JSd o ds Y e b 5Ly o adsl 5 el e JIU
ol Csa il el el 43 813 alie 55
3 se S i S 5pS Sles SN s e ang B
Los 3l o (B i alS sy ol IB e

ﬁl_u.v_'ejb)'\.g;_w‘a>J_<>l_?u"l|)L§JJr5q,.él;.JL§J>

YA


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

150

100
) 50 /_-_
3
S 0
E‘ MOO 150 200 250 300 350
3 0 o s
’.}0 (@b)d‘-ﬂ)
\.-100
2 —@ﬂ ‘T’JL;
-150
a.L.Z‘L..:.@_l;JG
-200

Jﬂjﬁ;gﬁ‘}‘}mdhao‘més—\° JS..’;

Ob) o Sy ¥ 35U 5o e S 0

les Ll 5 U sl Lo o asl s Lo ol 5o
GiL;; Ll e aS ol (g3l 5 Ml (gl wisad 5o A8l
as )3 ﬁbw |y sdel ey
bl pasiae sl Cewsay ol 5 4S5k Olea
O 03 A5 3 ol et lals ool LB
ol ol B ey e B S S B Al
St oy S b o s Kl SOl el S
ML@JJW;;{“J:"@)}: Ot s s
SENESI0s 555008 oS 5 ok Oy 5 sb0ken 358 esle
S8 esleals) e ololy el Slore oy 55 58 6l
Jss g5 5 e s (Kes B bl es 4 0S8
ORI 5 e Gy hsme A e Al e3le 3
WS s sy ee i s plsl ol 5 UL
e gl Sl sty S 5K S el s das 0L
ssbOoles ol Jsane B 3 ol L g i 4 pad CnSd
e 53 01 3l 55 5 fsedsss Aoy 3y o s> &S
S 5elS 4 el il & glite SLLS 0T 55 e 5 4 pa
Jbb'- et el st JQJL(Jl Colda glyls SisNg=SiIO;
T 3l S5 eS sles Shls 4503 55 0 o)l 5en SPS Gl 5 s

jw;jzk_ﬁ.tjjﬁéélijj;tuééoTA{4.7:}3[{.&;.«4‘ of

Y4

. 4

33959 W i Cuwlas Jlou (glo pls Hls ged -V K3

1400

1200

-
D (0] o
o o o
o o o

5 Ole az,0) Lo

N
o
o

g G

N
o
o

0 50 100 150 200 250 300 350
(asb) ooy

bb}wzﬁﬁ;fjbbbsbbmés—l\‘}ﬁ

140

120 0dd dinge B

—mJﬁl \_AJLB

=
o
o

80

60

40

5 sole 4 0) Ly @S

20

0

0 50 100 150 200 250 300 350
(asb) 0L

B Law 55 ol A 5 4 ged 93 53 Les O Ol ks -4 IS

Ol i Iy 5 5 ks (g5lwang CIB 5 oJyl

A0 50k O &l ¥ Jlo kige 3 4 iy 3140


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29]

View field: 20.8 pm Det: SE
SEM MAG: 10.00 kx 'Date(midly): 11/30/14

“)}Q&‘ YJGJ:SPS j})iﬁéu L;:o?gi? ﬁﬂmcb.nj‘ ‘;:.5‘9) d:;,:.ill &jﬁ-ﬂ}ﬁﬁﬁjw—\\ J.i.fo
Sg S p (@ g dsed v S35 (A

g edalin (1) JS02) 65 pa S oo

e 3 a0l bl S el Ol a5 B 5
Ml S (6,0l Oley JRalsl sk e edis Ve IS
oS 4G ) 35l s oLl ks s sl
Sl ooy h i Glagias )3 23]~
ol 028 3ol Jale st ) 53 355 e b e
Sl L (S Ol s gl 02 @500 5 B Caaslis
(ol &g0d 5 B 5 (SOl mie bl ren a2V
(oMal Cdl Oy 5 Ol CBIS Sl e e 5o
HUS 05 RS s 53 il bl gles Codlest| ol8sern
G Al e i Oy i bl nen
S SaS ksl

dul b 53 B sileang el VL s oS 4 OF bl
S CSiNG -Si0s s 5alS (615 Slandy i s
Dbl (2SS 3l el Jol dgad HESG  o3bks
A o3 esls Sl Ol Rl Crge (g 5 ey
Dad s ib s peblite s SN el

Y40 ﬂili Al E)ijr ANA) JL«« cw.\...@,c BE wf;ug J‘jv‘

SlaJodss dass Gl €gas 58 0 )by Jd5 Olge als
Wl 305 el g S ($ 5S35 S

g Sl s S S S el VY IS
DL 1) gy B 53 sdd 8 5 4 ped S ohads
03 O LB s Ul 5 Joudssd w35 amlie das oo
5 i Al b s g easOliS 58 e ek V) IS0
el ool st & ga5 CukS 33

Slaas poi 53 Les GO alin s 5145 5 bokes
oaseia (Vo JSU5) el g 5 Jseme LB L odds sl
e dbes S Al o g CIB sl (g5luangs (ol
Dt o> M 4 J 53l ok 50 S e 5 o
ssd 53 sl B s ekl B i gl S e s e
b 3 ol o ege Los el 5SSl a3 Ve
05 el dle glos VL] bl s 4ol e Sl
TF k) S0 WS e (sane LB Lokl g g
sl amdls esle (bl s Sl e s 5
35 3N S s Sen pslal 03 yls 4 S5


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29]

e 3Ll b B 3 SPS g 4 0kd (g 4 g0 eSS rhan I (o) S SN g 5Ky S bl VY ISS
Soo5 S (0 g dpe phan SSa 5 (A

L@ ges 53 65 e les QLS Ll s bl pen o
3 Las i i o 5k e ol ol aingy B
e pobye al S St el dingy B 5 e
oalS s ot A gl L}.&l:)bjsrs ebes ol sl
S gy akad) LB o (glos 5 450l 58 5o (glos DL
PPV I [ g WP PR e Iy gee
s Jlasl 3 les asl ok gy LB s
IS B mlae (55 31 e s 4 S el
L lio 325 g 55 mdls lod sl 5 0358

s s

spark plasma sintering

multi objective genetic algorithm(MOGA)
charge conservation law

Ohm’s law

electric conductivity

electric potential

AN h D=

A

& 7S 4w =0
Lods ¥ el B3t gl JisS Jie 53 slaand
G5 SisN-Si02 5500l S b gud 025 Shalesl s
St @l p abde diop S5 )8l el
0353 ;S 5 LB 55 A5 05 500 Pl S L JB
AN Ll Lol 48 a4 8 15 4 4igad 55 5 (slos
oot Sl Ol e dee Yo/o (ol Jlad 5 e e
Cmwndn ang Ll LB (gluand dal s JB
el B 5 i gad 3 Les i w8 o OLES kel

el Al Al s 3 MY sad S e sles &S (g sba

MUejb

7. gap conductance

8. Stefan-Boltzmann’s

9. ansys workbench

10. direct method

11. goal driven optimization
12. sensitivity analysis (sa)

\Y40 j.‘.il:’. Y SJLA*: AN JL»: ‘ww DL wf;ﬁ 5‘_}"


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

52
(bl £ ol g

p(kgm_3): 1900 #

E(Pa)=103x10’

v=0.32

o =8x107°

Cp (Jkg‘lK‘l ) =-398.1737+4.5879T —3.5288x 10> T2 +1.2869x 1070 T> —1.8215x1071°T*

k(Wm™'k™1)=90-9.5411x1072T +8.1687x10° T2 —=3.2096 x 10~ T3 +4.7799x 10712 T*

Pe (Wm_lK_l) =61 =23982x107 —2.5707x10 S T+2.1464x10 T2 ~8.2881x10 5T +1.2197x10¥T* Compressive

Strength = 137 MPa

Tensile Strength = 47 MPa

H(AISI304)0 5 K Y g8 Lol &
p(kgm_3): 7900
E(Pa)=200x10’
v=0.33
o =18x107°
C, (Jkg_lK_l) —446.5+0.162T
k(Wm™ k™) =9.988+0.01746T
Pe (Wm_lK_l) —o =107 [50. 1685+0.0838T —1.7453x10™ TZJ

:Si05 ol =
p(kgm_3 ) — 2650
v=0.32
o =8x107°
C, (Jkg_lK_l) =700
k(Wm 'k =14
pe (Wi K| =07t =10

:SizNy ol g
p(kgm_3 ) = 3440
v=0.33
o =15x107
C, (Jkg_lK_l) ~710.6
k(Wm 'k 1) =265
pe (W K| =07t =2x107

W‘\Oﬁli <Y’ Z)Lw; J‘O dl.w Lg;w..«\.u@.o DL 4.:_9};.3 J‘).A Y


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7

[ DOR: 20.1001.1.2251600.1395.35.3.3.7 ]

[ DOI: 10.18869/acadpub.jame.35.3.29 ]

Al

. QGaray, J.,

"Current-Activated, Pressure-Assisted
Densification of Materials", Annual Review of
Materials Research, Vol. 40, pp. 445-468, 2010.
Orru, R., Licheri, R., Locci, A. M., Cincotti, A. and
Cao, G., "Consolidation/Synthesis of Materials by
Electric Current Activated/Assisted Sintering",
Materials Science and Engineering: R: Reports,
Vol. 63, No. 4, pp. 127-287, 2009.

Matsugi, K., Kuramoto, H., Hatayama, T. and
Yanagisawa, O., "Temperature Distribution at Steady
State under Constant Current Discharge in Spark
Sintering Process of Ti and Al,O3 Powders", Journal
of Materials Processing Technology, Vol. 134, No. 2,
pp. 225-232, 2003.

Anselmi-Tamburini, U., Gennari, S., Garay, J. and
Munir, Z. A., "Fundamental Investigations on the
Spark Plasma Sintering/Synthesis Process: II.
Modeling of Current and Temperature Distributions",
Materials Science and Engineering: A, Vol. 394, No.
1, pp. 139-148, 2005.

. Vanmeensel, K., Laptev, A., Hennicke, J., Vleugels,

J. and Van der Biest, O., "Modelling of the
Temperature Distribution during Field Assisted
Sintering", Acta Materialia, Vol. 53, No. 16,
pp- 4379-4388, 2005.

Wang, Y. C, Fu, Z. Y. and Wang, W. M,
"Numerical Simulation of the Temperature Field in
Sintering of BN by SPS", Key FEngineering
Materials, Vol. 249, pp. 471-476, 2003.

Wang, X., Casolco, S., Xu, G. and Garay, J., "Finite
Element Modeling of Electric Current-Activated
Sintering: The Effect of Coupled Electrical Potential,
Temperature and Stress", Acta Materialia, Vol. 55,
No. 10, pp. 3611-3622, 2007.

. Vanmeensel, K., Huang, S., Laptev, A., Vleugels, J.

and Van der Biest, O., "Modeling of Field Assisted
Sintering Technology (FAST) and its Application to
Electro-Conductive Systems", Advanced Processing
and Manufacturing Technologies for Structural and
Multifunctional Materials 1I: Ceramic Engineering
and Science Proceedings, Vol 29, No. 9, pp. 109-
122, 2008.

10.

11.

12.

13.

14.

e
Grasso, S., Sakka, Y. and Maizza, G., "Pressure
Effects on Temperature Distribution during Spark
Plasma Sintering with Graphite Sample", Materials
Transactions, Vol. 50, No. 8, pp. 2111-2114, 2009.
Chennoufi, N., Majkic, G., Chen, Y. and Salama, K.,
"Temperature, Current, and Heat Loss Distributions
in Reduced Electrothermal Loss Spark Plasma
Sintering", Metallurgical and Materials Transactions
A, Vol. 40, No. 10, pp. 2401-2409, 2009.
Mondalek, P., Silva, L., Durand, L. and Bellet, M.,
"Numerical Modelling of Thermal-Electrical
Phenomena in Spark Plasma Sintering", American
Institute of Physics Conference Series, Vol. 1252,
pp- 697-704, 2010.
Munoz, S. and Anselmi-Tamburini, U., "Temperature
and Stress Fields Evolution during Spark Plasma
Sintering Processes", Journal of Materials Science,
Vol. 45, No. 23, pp. 6528-6539, 2010.
Zhang, J. and Zavaliangos, A., "Discrete Finite-
Element Simulation of Thermoelectric Phenomena in
Spark Plasma Sintering", Journal of electronic
materials, Vol. 40, No. 5, pp. 873-878, 2011.
Li, X., Wu, P. and Zhu, D., “Fabrication and
Properties of Porous Si3N4-SiO2 Ceramics with
Dense Surface and Gradient Pore Distribution”,
Ceramic International, Vol. 40, No. 3, pp. 5079-
5084, Apr. 2014.

o ijj‘/d" c.r cuy\.@ﬂ.w‘.).:.m 9 U:d ‘ujzh) c.C c‘)bl-; G]GA\O
Jils ol Ll Ml ga (il sl o, A0

AYAQ s sl

LS)L‘*’A*:@'" “z cdw J"’LLJ 5.8 ‘dJ"“"‘ “ <Jl>e5\5‘
Ll s 51 eslanad b Boy oas K5 LI wans
L;":‘AJ/? L{«.LG 4o cnéwg cﬁ.ﬂ Je L; e\J.o.A 3 gld>es
Sv-ov o A e)La...fa Ay JL ‘Lf"/‘""‘ C,:.::JJ N

Aray

A0 50k O &l ¥ Jlo kige 3 4 iy 3140


http://dx.doi.org/10.18869/acadpub.jame.35.3.29
https://dorl.net/dor/20.1001.1.2251600.1395.35.3.3.7
http://www.tcpdf.org

